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In semi-arid regions of North America and Australia, Pennisetum ciliare (L.) Link (syn. Cenchrus ciliaris;
buffelgrass) is highly invasive and has the potential to introduce ﬁre to ﬁre-intolerant ecosystems. Major
efforts to remove P. ciliare continue and it is essential that P. ciliare be prevented from recolonizing. This
study investigated potential methods to revegetate with native herbaceous plants: sowing seeds; sowing
seeds and mulching; sowing seeds and transplanting seedlings; and relying on natural revegetation from
the seedbank. The treatments were applied in 2009 and 2010 at sites in the Sonoran Desert which had
undergone P. ciliare removal. Monsoon precipitation was below average each year and seedling emer-
gence and establishment rates were low. There are indications that soil disturbance associated with
planting seedlings promoted P. ciliare emergence and increased mortality of brittlebush (Encelia farinosa
A. Gray ex Torr.), a common native perennial forb. Addition of mulch may have promoted P. ciliare over
native grasses, and seeding had no effect. We did not ﬁnd competition between herbaceous seedlings.
Rather, native and exotic grass seedling densities were positively correlated across sites. Under prevailing
conditions, low precipitation appeared to limit herbaceous plant establishment and none of the treat-
ments reduced P. ciliare abundance.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Arid and semi-arid ecosystems in parts of North America and
Australia face catastrophic plant community changes due to the
effects of invasion by Pennisetum ciliare (L.) Link (buffelgrass),
a highly competitive, ﬁre-tolerant C4 grass that is native to Africa
and southern Asia (Burquez-Montijo et al., 2002; Jackson, 2005).
These community changes are due both to the direct effects of the
presence of P. ciliare and to the indirect effects it has on increased
ﬁre frequency (e.g. Clarke et al., 2005; van Devender et al., 1997).
Direct effects of P. ciliare include a loss of species richness propor-
tional to its abundance, which can be high (Jackson, 2005; Olsson
et al., 2012). This loss of species may also increase as P. ciliare
occupies a site longer (Clarke et al., 2005). The most salient indirect
effect of P. ciliare is the introduction of frequent, intense ﬁre into
systems where ﬁre was formerly rare (Brooks and Pyke, 2001;
Butler and Fairfax, 2003; McDonald and McPherson, 2011).
Columnar cactus communities, such as those protected at Saguarof Natural Resources and the
ences East, Tucson, AZ 85721,
oods).
-NC-ND license.National Park (Tucson, Arizona, USA), are especially at risk because
most Sonoran Desert cactus species die when exposed to ﬁre
(Stevens and Falk, 2009).
The removal of P. ciliare to preserve protected areas can be
achieved mechanically or using herbicides. Herbicides have been
shown to be successful in controlling P. ciliare but it can be
surprisingly hard to kill with chemicals and multiple re-
applications may be required (Tjelmeland et al., 2008). Herbicides
have the advantage that they disturb the site very little which may
reduce but not eliminate the reestablishment of P. ciliare the
following year (Tjelmeland et al., 2008). Hand pulling has the
advantage that the adult plants are deﬁnitively killed and the
proximate seed source removed, although follow-up for one or
more years is still needed to remove seedlings (Rutman and
Dickson, 2002). A disadvantage of hand pulling is the inherent
disturbance which is thought to favor seedling establishment more
in P. ciliare than in native grasses (Stevens and Falk, 2009).
Stevens and Falk (2009) have pointed out that an effective
control strategy has to include both top down controls to remove
P. ciliare as well as bottom up controls to reduce the chances of it
returning, such as increasing competition fromnative plant species.
The two main hurdles for effective revegetation by native herba-
ceous plants at Saguaro National Park are competition with fast
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Seeding is commonly used in revegetation to favor native species in
competitive interactions, and may be combined readily with other
treatments (Whisenant, 1999). Under semi-arid conditions, rainfall
may only be sufﬁcient for effective revegetation once every ten
years (Cox et al., 1988), so strategies for enhancing revegetation
success in the presence of P. ciliare seedlings were considered
germane.
The application of straw mulch is commonly used to preserve
soil moisture, improve growing conditions and provide seeds as
well as to reduce erosion (Jalota and Prihar, 1998; Whisenant,
1999). Straw mulch is unlikely to override the effects of particu-
larly wet or dry conditions and may therefore be expected to
increase seedling establishment rates most in years when rainfall
is only marginally insufﬁcient for establishment. Further, mulch
seems as likely to improve conditions for P. ciliare as for natives.
The competitive advantages of P. ciliare in establishment may,
though, be reduced by transplanting native seedlings, which
would have initial advantages in size and development (Stevens
and Fehmi, 2009, 2011). Native herbaceous vegetation is still
abundant at Saguaro National Park and doubtless continues to
replenish the native seedbank. In such circumstances, relying on
natural revegetation, with no active treatment, can also be a viable
restoration strategy (Whisenant, 1999). However, no revegetation
technique is likely to be successful without an adequate supply of
water, the key limiting abiotic resource in the Sonoran Desert; and
there can be risks of undesirable treatment effects, such as
increased soil erosion (Whisenant, 1999).
This study aimed to assess the efﬁcacy of revegetation tech-
niques in promoting native herbaceous ﬂora and in reducing
P. ciliare recolonization. Effects of revegetation on P. ciliarewould be
expected to operate via competition, since competition between
herbaceous species commonly affects survival odds (Gómez-
Aparicio, 2009). However, in low resource environments, grass
seedling establishment can be inﬂuenced more by abiotic resource
levels than by competition (Mangla et al., 2011). Therefore, this
study also sought to assess the importances of interspeciﬁc seed-
ling competition and of abiotic resource levels.
Four revegetation methods were evaluated in a ﬁeld experi-
ment: sowing native seeds; sowing native seeds and mulching;
sowing native seeds and transplanting native seedlings; and relyingFig. 1. Locations of study sites at Saguaro National Park Eon natural revegetation from the seedbank. Four hypotheses were
tested. Two concerned treatment effects, namely, that active
revegetation techniques would (1) increase emergence and estab-
lishment of native perennial grasses and forbs, and (2) reduce
emergence and establishment of P. ciliare. To test inﬂuences of
resource levels and competition, we hypothesized that (3) higher
monsoon precipitation would increase emergence and establish-
ment of P. ciliare and native perennial grasses and forbs, and (4)
P. ciliare seedling abundance would be reduced by abundance of
native perennial grasses and forbs. In addition, we sought to
determine whether any treatment altered the rate of soil erosion.
2. Materials and methods
2.1. Study sites
The study was conducted from 2009 to 2011 at ﬁve sites at
Saguaro National Park (SNP) East, Tucson, Arizona, USA (32 090 N,
110 430 W; Fig. 1). Mean annual precipitation is approximately
33 cm (at 32 070 N, 110 410 W, elevation 922 m; WRCC, 2011). SNP
has a bimodal precipitation pattern with, on average, approxi-
mately 43% of annual precipitation falling in the monsoon months
of July to September, 42% from December to March and 5% in May
and June (NCDC, 2011). Plant communities at the sites were
Sonoran Desert scrub (Bowers and McLaughlin, 1987) which had
undergone infestation and subsequent chemical and/or manual
removal of P. ciliare. Soils were Entisols low in free carbonates with
neutral near-surface pH from the Lampshire-Romero-Rock outcrop
complex and the Cellar-Rock outcrop complex (Beaudette and
O’Geen, 2009; California Soil Resource Laboratory, 2010). Live-
stock have been excluded from the two northernmost sites since
the 1940s and from the other three sites since the 1970s (Fig. 1).
2.2. Experimental design
The ﬁve sites were divided into a total of nine subsites, each of
which contained four 3 m  4 m plots, for a total of 36 plots. To
reduce transfer of soil and plant material between plots, horizon-
tally adjacent plots at equal elevationwere aminimumof 1m apart,
and consecutive plots upslope were a minimum of 4 m apart. Plots
were sited so as to have at most 50% bare rock cover, to avoidast, Tucson, Arizona, USA. Elevations are in meters.
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microsites.
One plot of each subsite was randomly assigned to each 2009
treatment: control (no active treatment), seeding, mulch plus seed,
planted seedlings plus seed. In 2010 (year two), each plot was halved
into two subplots, the dividing line being oriented up-slope. One
subplot per plot was randomly assigned to 2010 control and the
other was seeded. This enabled assessment of the effects of year one
treatments a year after their implementation, and of a repeat seeding
treatment under potentially different precipitation conditions.
P. ciliare was controlled at each site by periodic spot application
of herbicide prior to and periodically throughout the study. P. ciliare
was also pulled by hand at three sites (comprising four subsites)
prior to the study, and at all sites from spring 2010 onwards. In
experimental plots, P. ciliare was allowed to grow through each
monsoon growing season and removed manually during
September monitoring periods, prior to seed set.
2.3. Revegetation treatments
Year one treatments were applied on a per-plot basis and year
two treatments on a per-subplot basis. Six native warm season
herbaceous plant species were seeded by hand each year. Each
species was present at every site. Two species are forbs (Encelia
farinosa and Abutilon incanum (Link) Sweet (pelotazo)) and the
others grasses (Table 1); all are perennials. All seeds had been
collected at SNP East no earlier than 2004. The seeding rate equated
to 131 seeds per m2 (40 seeds per square foot; Table 1). All non-
control plots were seeded in late June 2009, immediately before
the commencement of monsoon rains in July, and all non-control
subplots were seeded in late June 2010.
For the mulch plus seed treatment, strawmulch ofMuhlenbergia
porteri Scribn. ex Beal (bush muhly) was applied at a rate of 4.5 kg
per plot (equivalent to 0.75 tons per acre) immediately following
seeding. Prior to applying the mulch, a sample was grown out to
conﬁrm the purity.
For the planting plus seed treatment, Bouteloua repens (Kunth)
Scribn. & Merr. and E. farinosa seedlings were grown from seed in
a glasshouse at the University of Arizona Campus Agricultural
Center from November 2008 to February 2009. The seeds were
obtained from SNP East, with the same provenance as those used
for seeding. Seedlings were planted in February 2009 prior to the
end of the winter rains, with four each of B. repens and E. farinosa
randomly located within each plot allocated to the transplants plus
seeding treatment. Small depressions were dug by hand for each
seedling to accommodate the roots and the soil from its pot
(approximately 0.6 L). To increase the likelihood of establishment,
1 L of water was added to each seedling during planting.
2.4. Measurements
Plant density (count of individuals), canopy cover and soil
erosion were measured in each plot and sub-plot, and rainfall wasTable 1
Seeding rates and mix for experimental treatments. Grass weights include spikelets.
Species Weight per 12 m2 plot (g)
Abutilon incanum (Link) Sweet 1.74
Bouteloua curtipendula (Michx.) Torr. 1.86
Bouteloua repens (Kunth) Scribn. & Merr. 0.79
Digitaria californica (Benth.) Henr. 0.71
Encelia farinosa A. Gray ex Torr. 1.44
Heteropogon contortus (L.) P. Beauv. ex Roem. & Schult. 1.69
Totalmeasured at each site. The combination of density and cover can
provide a clearer description of plant communities than either
metric alone, and both were used as measures of plant abundance
to test hypotheses. Rainfall measurements were used to test
hypothesis 3, regarding the effects of monsoon precipitation, and
rate of soil erosion was measured to determine whether it was
affected by treatments.
Plants were generally identiﬁed to species for density and cover
measurements but native grasses were combined into one category
for analysis. Invasive grass species other than P. ciliare were not
found in our study plots. Invasive Eragrostis lehmanniana Nees
(Lehmann lovegrass) was present within 2 km of two study sites
but grass seedlings in study plots which were unidentiﬁable to
species appeared to be Bouteloua Sp. rather than E. lehmanniana.
Therefore, unidentiﬁed grass seedlings were considered to be
native perennial species. Abutilon palmeri A. Gray (Palmer’s Indian
mallow) and A. incanum are both present at SNP East. Due to the
difﬁculty in distinguishing between their seedlings, these two
species were counted together as Abutilon Sp. for both cover esti-
mation and density measurement.
Densities were measured for P. ciliare, native grasses, E. farinosa
and Abutilon Sp. Densities were measured per plot until imposition
of year two treatments in March 2010, from which time densities
were measured per subplot. Densities of established (adult)
P. ciliare were measured during each monitoring period from
February 2009. From July 2009, densities were recorded for seed-
lings and of adults of P. ciliare and of other grasses, and for Abutilon
Sp. and E. farinosa seedlings. From March 2010, densities were
measured for seedlings and adults of P. ciliare, other grasses,
Abutilon Sp. and E. farinosa.
Canopy cover was estimated by species in permanent quadrats
prior to imposition of year one treatments, and after monsoon and
winter rains in years one and two. One 1 m2 permanent quadrat
was randomly located in each plot in February 2009. Further 1 m2
quadrats were added in March 2010 such that each subplot had one
quadrat. Canopy cover was estimated in each quadrat for each
herbaceous species with 1% or more cover, to a precision of 5% for
species with covers over 10% and 1% if lower, excluding plants with
no green foliage. Establishment of planted-out seedlings was
assessed by presence or absence of green foliage during the
monsoon growing season.
One rain gaugewas installed 0.5m above ground level at each site
in February 2009 in order to enable comparison of monsoon
precipitation between sites. The rain gauges were 2.5 cm diameter
and 12 cm deep. In 2009, 2010, their contents were emptied and
mineral oil was added to limit evaporation in late June, late July and
September. Readingswere taken in late July and September eachyear.
To monitor soil erosion, in February 2010 three ﬁve-inch long
nails were partially inserted into the ground in each plot approxi-
mately 0.5 m upslope of the downslope plot edge. In March 2010,
additional nails were added so that each subplot had two erosion
nails. Distances between nail head and ground were recorded each
spring and fall.Weight per 20 seeds (g) Seeds per plot Proportion Seeds per m2
0.0581 600 12.50% 16
0.0233 1600 33.33% 43
0.0262 600 12.50% 16
0.0141 1000 20.83% 27
0.0479 600 12.50% 16
0.0845 400 8.33% 10
4800 131
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Split plot analyses were conducted on (a) density and cover for
(i) native perennial grasses (ii) Abutilon Sp. (iii) E. farinosa (iv)
P. ciliare, and (b) erosion; with 2009 treatment as an explanatory
variable (Lakel et al., 2010; Teasdale et al., 1991; Wilson and Gerry,
1995). For density, cover and erosion data subsequent to March
2010, the 2010 treatment was included as a second explanatory
variable. In all split plot analyses, random effects were site and
subsite, with subsite nested within site (Bennington and Thayne,
1994). Mean changes in heights of erosion nails above ground
were taken per plot for April to September 2009 and September
2009 to March 2010, and per subplot for March to September 2010
and September 2010 to April 2011. Effects of active treatments were
compared with controls within each of these models by Student’s t
tests. A paired Student’s t test was used to compare adult density of
P. ciliare with native perennial grasses, grouped by site.
Split plot analyses were also performed on P. ciliare seedling and
adult densities with explanatory variable pre-experiment P. ciliare
control method (two levels). The random effects site and subsite
were nested within P. ciliare control method.
Two-way ANOVAs were performed on mean seedling density
per site per treatment in late July 2009 for (a) P. ciliare, (b) native
perennial grasses, and (c) E. farinosa plus Abutilon Sp. (Hamilton
et al., 1999). The explanatory variables were (i) 2009 treatment
and (ii) monsoon precipitation until late July 2009. Precipitation
was treated as a categorical variable and effects of precipitation
levels were compared by a TukeyeKramer HSD test. Similar anal-
yses for other periods were not possible due to insufﬁcient non-
zero seedling densities.
Correlations between densities of adult P. ciliare and of P. ciliare
seedlings with (a) native perennial grasses and (b) E. farinosa plus
Abutilon Sp. were determined by Pearson’s product-moment coef-
ﬁcient (Simmons, 2005; Weiss and Noble, 1984).
All analyses were performed using JMP 9.0.0 (SAS Institute, Inc.)
with a ¼ 0.05. Density and cover data were transformed to
log(x þ 1) in order to achieve normality and homoscedasticity.
3. Results
3.1. Native grasses and forbs
Native grass cover and adult density were zero during all
measurement periods, and native grass seedling density was zero
in September 2009 and April 2011. Out of the 36 container-grown
seedlings of each species transplanted in February 2009, three
E. farinosa and six B. repens retained green foliage in July 2009. All of
the transplanted seedlings died by September 2009.
The 2009 transplants plus seeding treatment signiﬁcantly
increased native grass seedling density in July 2009 and July 2010
(Fig. 2). The 2009 mulch plus seeding treatment decreased native
grass seedling density in July 2010 but the 2009 and 2010 seeding
treatments had non-signiﬁcant effects at all measurement periods.
Mulch was still present in April 2011 on all plots which had
received the mulch plus seeding treatment. The mean mulch cover
by subplot quadrat was 12  2%.
E. farinosa seedling density was not signiﬁcantly affected by any
treatment (Fig. 2) but adult E. farinosa density was reduced by the
2009 transplants plus seeding treatment (Fig. 3). The transplants
plus seeding treatment increased April 2011 adult Abutilon Sp.
density (Fig. 3). Seedling densities were zero in all plots for
E. farinosa and Abutilon Sp. in September 2009 and for Abutilon Sp.
in April 2011.
There were no signiﬁcant differences in E. farinosa or Abutilon
Sp. cover between treatment and control plots prior to theinitiation of treatments in February 2009 or at the end of the year
one monsoon growing season in September 2009. There were also
no signiﬁcant differences in E. farinosa or Abutilon Sp. cover
between seeded and control subplots prior to imposition of the
year two treatment in March 2010 or at the end of the year two
monsoon growing season in September 2010.
The 2009 transplants plus seeding treatment reduced E. farinosa
cover in September 2010 and April 2011 and increased Abutilon Sp.
cover in April 2011 (Fig. 3). There were no other signiﬁcant treat-
ment effects on E. farinosa or Abutilon Sp.
3.2. P. ciliare
In February 2009, prior to the imposition of treatments, there
were no signiﬁcant differences in P. ciliare density between plots
allocated to treatments and controls (Fig. 4). Mean P. ciliare cover
during all measurement periods was 0  0%. P. ciliare density was
greater than zero in fewer than three plots in September 2009 and
March 2010 and in fewer than three subplots in July 2010 and April
2011. Therefore, statistical tests on P. ciliarewere only performed on
density data from February 2009, July 2009 and September 2010.
In September 2010, mean adult P. ciliare density was
0.1  0.0 m2 and signiﬁcantly higher than adult native perennial
grass density in 2010 (p¼ 0.0002, paired Student’s t test grouped by
site, N ¼ 72, t ¼ 3.87617). In all other measurement periods, adult
native grass seedling density was non-zero in too few plots to meet
test assumptions.
There were no signiﬁcant treatment effects on P. ciliare seedling
or adult densities during the 2009 monsoon period (Fig. 4). In
September 2010, P. ciliare seedling density was increased by the
2009 mulch plus seeding treatment and adult P. ciliare density was
increased by the 2009 transplants plus seeding treatment. All other
treatment effects were non-signiﬁcant.
P. ciliare seedling density was signiﬁcantly and positively
correlated with native grass seedling density in July 2009 but not in
September 2010 (Table 2). P. ciliare seedling density was not
signiﬁcantly correlated with E. farinosa plus Abutilon Sp. density.
There were no signiﬁcant correlations between adult densities of
P. ciliare and either native grasses or E. farinosa plus Abutilon Sp.
P. ciliare seedling and adult densities did not differ signiﬁcantly
between sites from which, prior to the experiment, P. ciliare had
been removed by pulling and herbicide or by herbicide only.
3.3. Precipitation effects
Early monsoon 2009 precipitation had signiﬁcant effects on
P. ciliare seedling density and native grass seedling density but not
on E. farinosa plus Abutilon Sp. seedling density. For P. ciliare and
native perennial grasses, there appeared to be a threshold between
approximately 60 mm and 70 mm early monsoon precipitation,
below which emergence was negligible and above which ecologi-
cally signiﬁcant seedling emergence could occur (Fig. 5).
Mean late monsoon 2009 precipitation was 16  2 mm, with
a maximum of 20 mm. In September 2009 there were insufﬁcient
seedlings to assess the effects of inter-site precipitation variation on
seedling density. Early monsoon 2010 precipitation caused all rain
gauges to overﬂow and was therefore greater than 120 mm at each
site. By September 2010, one rain gauge had been vandalized and
all others had again overﬂown. Hence, inter-site precipitation
variation could not be assessed for early or late 2010 monsoon.
3.4. Soil erosion
There was signiﬁcant soil deposition of 3.5  1.9 mm between
April and September 2009, and signiﬁcant soil loss of 7.6  0.9 mm
Fig. 3. Mean  SE density and cover of adult E. farinosa and Abutilon Sp. in April 2011. Data are pooled across year two treatments, which had no signiﬁcant effects. Signiﬁcant
difference of a year one treatment from the control: * p < 0.05 (Student’s t tests on log transformed data).
Fig. 2. Mean  SE density (m2) of seedlings of native grass, E. farinosa and Abutilon Sp. in mid-monsoon 2009 and 2010. Data are pooled across year two treatments, which had no
signiﬁcant effects. Signiﬁcant difference of a year one treatment from the control: * p < 0.05, *** p < 0.001 (Student’s t tests on log transformed data).
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Fig. 4. Mean  SE P. ciliare seedling and adult density. Data are pooled across year two treatments, which had no signiﬁcant effects. Signiﬁcant difference of a year one treatment
from the control: * p < 0.05 (Student’s t tests on log transformed data).
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effects of year one or year two treatments on erosion.4. Discussion
Emergence of native grasses was increased by the plant-out plus
seeding treatment but no other active revegetation treatment
enhanced emergence or establishment of native grasses or forbs.
Thus, there was only limited support for our ﬁrst hypothesis, that
active revegetation treatments would promote native perennial
grass and forb emergence and establishment. Our second hypoth-
esis was not supported, as P. ciliare density and cover were not
reduced by any active treatment.
Although the addition of native seeds in 2009 and 2010 had no
signiﬁcant effects, this study provides insufﬁcient evidence to
discount this treatment for revegetation and P. ciliare control.Table 2
Correlations between P. ciliare seedling density and (a) native grass seedling density
and (b) the sum of E. farinosa and Abutilon Sp. seedling densities, in July 2009 and
September 2010. All data were log transformed.
Variable Measurement
period
Count Correlation
Coefﬁcient
p
Native grass
seedling density
July 2009 36 0.8123 <0.0001*
September 2010 72 0.1755 0.1404
E. farinosa plus Abutilon
Sp. seedling density
July 2009 36 0.2720 0.1086
September 2010 72 0.1497 0.2093
* Statistically signiﬁcant effect (p < 0.05).Desirable effects of seeding may be greater with higher seeding
rates and in higher monsoon precipitation years. Seeding over
larger contiguous areas may also have greater effects, as propor-
tionate movement of seeds outside the seeded areas are likely to be
lower. The ﬁeld-collected seed is also likely to have low germina-
tion rates and those seeds that do germinate may have insufﬁcient
resources to support rapid growth (Daehler and Goergen, 2005).
The mulch in our experiment persisted through April 2011. The
2009 application of mulch plus seed reduced emergence of native
perennial grasses in 2010 and increased P. ciliare seedling density in
2010. These effects may be due to natives having more speciﬁc light
preferences for germination, since P. ciliare appears insensitive to
variations in light levels (Winkworth, 1971), and/or to mulch
maintaining soil moisture levels above the emergence threshold for
P. ciliare but not for native grasses. Mulching plus seeding in 2009
also increased July 2010 adult E. farinosa density. A plausible
mechanism would be via reduced evaporation maintaining near-
surface soil moisture levels. In any case, the effects of the mulch
plus seeding treatment on P. ciliare and native grasses suggest that
it is a poor candidate for widespread use in restoring native vege-
tation in years with lowmonsoon precipitation. As with the seeding
treatment, more research would be needed to determine whether
modiﬁcations to the treatment or higher monsoon rainfall would
improve its efﬁcacy.
Adult E. farinosa density was decreased by the transplants plus
seeding treatment but unaffected by seeding alone. E. farinosa cover
in 2010 was also signiﬁcantly reduced by the 2009 transplant plus
seeding treatment. It is unlikely that disturbance would reduce
emergence or establishment of E. farinosa since it is a ruderal
Fig. 5. Mean  SE seedling density (m2) of P. ciliare and native grasses, late July 2009, by precipitation in the preceding month. Levels not connected by the same letter are
signiﬁcantly different (p < 0.05, Tukey Kramer HSD test accounting for treatment effects on log transformed data).
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planting seedlings may have adversely affected some adult
E. farinosa. The mechanism is uncertain but it may be that digging
shallow depressions cut through roots of some established plants
and thereby reduced water and nutrient access, reducing growth
and increasing mortality. Whatever the mechanism, the undesir-
able effects of this treatment on native perennial E. farinosa and its
enhancement of P. ciliare emergence render it a poor candidate for
revegetation and P. ciliare control.
The addition of transplanted seedlings plus seed increased
densities of adult P. ciliare and of perennial native grass seedlings in
2010 (Figs. 2 and 4). As all transplanted seedlings died by
September 2009, it is highly unlikely that the transplants them-
selves increased native grass emergence. A more likely explanation
may be that soil disturbance during planting may have increased
native perennial grass emergence. P. ciliare invades most readily on
disturbed sites (Burquez-Montijo et al., 2002) and appears to take
longer to invade undisturbed areas (McDonald and McPherson,
2011; de la Barrera, 2008). McIvor (2003) suggests that P. ciliare
primarily colonizes disturbed areas and that arid areas have peri-
odic non-anthropogenic disturbances such as drought or natural
population turn-over that allow colonization. However, the present
study showed no difference in P. ciliare recolonization between
more or less disturbed sites (more disturbed sites being those from
which P. ciliare had been removed by extensive pulling prior to the
experiment). This may have been due in part to low overall
herbaceous plant establishment rates.
In southeast Arizona, monsoon rainfall during each year of our
study was lower than in 82% of years since 1895 (NCDC, 2011).
Therefore, it is unsurprising that our experimental treatments were
largely ineffective in increasing native perennial grass or forb
establishment or in reducing P. ciliare establishment, and had
insigniﬁcant effects on soil erosion. July to September 2009 was
southeast Arizona’s 8th driest monsoon on record, with 70% of
mean precipitation for the period (NCDC, 2011). Meager early
monsoon precipitation appeared to severely suppress grass seed-
ling emergence at all sites except that which received the highest
rainfall, consistent with our third hypothesis. Subsequent late
monsoon precipitation was low at all sites and the consequent
water deﬁcit appears to have largely prevented grass establishment
(Cook and Dolby, 1981).
Rainfall in both the early and late monsoon in 2010 was higher
than the 2009 thresholds for signiﬁcant emergence of both P. ciliare
and native perennial grasses. In southeast Arizona as a whole, July
to September precipitation was 86% of the mean for the period,
which was the 20th driest monsoon on record (NCDC, 2011).
Establishment remained low, with densities of adult P. ciliare and ofnative perennial grasses below 0.2 m2 at the end of the 2010
monsoon season. Consistent with its lower water requirements,
P. ciliare establishment was signiﬁcantly higher than that of native
perennial grasses.
Contrary to our fourth hypothesis and in contrast with some
other studies (Abraham et al., 2009; Humphrey and Schupp, 2004),
our study did not reveal competition between P. ciliare and native
grasses or forbs at the seedling stage. Rather, in a particularly dry
growing season, seedling densities of P. ciliare and native grasses
were strongly positively correlated. It appears that abiotic condi-
tions were more important than any seedling competition. The
discrepancy between this and other studies may in part be due to
our comparison being between ﬁve sites with differing precipita-
tion, in contradistinction with plant-level comparisons within only
one or two watering or precipitation regimes. This difference in
level of comparison may be relevant to planning rehabilitation at
the ecosystem level in semi-arid environments subject to spatially
patchy precipitation.
P. ciliare seeds can survive in the seedbank for up to 3 years
(Winkworth, 1971) but, under suitable moisture and temperature
conditions, the majority of the seed germinates in the summer
following its production (Hacker and Ratcliff, 1989). Plants growing
in better conditions produce more germinable seed and more seed
with extended dormancy which contributes to a more persistent
and productive seedbank (Hacker and Ratcliff, 1989). The ability to
form a seedbank gives P. ciliare an advantage over native grasses,
which generally lack dormant seeds in the soil and germinate
during the ﬁrst period of sufﬁcient moisture (Abbott and Roundy,
2003). This is consistent with observations of invasions into
undisturbed areas (Stevens and Falk, 2009; de la Barrera, 2008)
where P. ciliare had a nearby population growing in good conditions
to provide a continuous supply of high quality long-lived seed.
P. ciliare also has the advantage of being able to germinate with
less rainfall than natives, with P. ciliare establishment possible in
approximately 1 in 2 years (Ward et al., 2006) compared to possibly
as little as 1 in 10 for some native grasses (Cox et al., 1988). A critical
driver of P. ciliare colonization therefore appears to be the amount
of monsoon rainfall, which is also the main factor affecting the
maintenance and establishment of warm season native plants.
5. Conclusions
Herbaceous seedling establishment was low in both years of the
experiment, in all likelihood due to the low monsoon precipitation
in 2009 and 2010. In 2009, precipitation differences between sites
appeared to overwhelm any competitive effects between native
and invasive grass seedlings. Thus, at the ecosystem level in
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more important than competition to young grass seedling
development.
Results from this experiment are difﬁcult to extrapolate to
higher monsoon rainfall conditions under which seedling emer-
gence and establishment can be expected to be much higher.
However, limiting disturbance on sites after P. ciliare removal and
not applying mulch seem prudent since, under drier than average
conditions, both of these treatments appeared to promote P. ciliare.
Irrespective of the efﬁcacy of revegetation efforts, it is desirable to
avoid practices which could promote P. ciliare in areas undergoing
rehabilitation.
Seeding had no effects on revegetation or P. ciliare abundance.
Further study is needed to assess the effects of seeding with
average or above average precipitation in the Sonoran Desert.
While potentially difﬁcult due to funding and scheduling
constraints, a study period of ten years or more may be needed to
adequately address questions about the establishment of plants in
this semi-arid system. Moreover, seeding remains a widely prac-
ticed revegetation technique. In any major seeding program in the
Sonoran Desert, even with judicious use of the best weather fore-
casts, it is advisable to provide resources for at least ﬁve years’
seeding. This should allow sustained seeding effort until a good
rainfall year which could permit successful native grass
establishment.
In the absence of ﬁrm evidence of efﬁcacy of active treatments,
no active revegetation treatment remains a viable option without
evident adverse effects. It may therefore be advisable to concen-
trate efforts on continuing P. ciliare removal and on the study or
reﬁnement of restoration methods.Acknowledgments
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